Introduction
The collection and utilization of airborne/satellite imagery for disaster response has become expected and necessary. The response phase of the disaster cycle is the time period between impact (e.g., hurricane landfall) and when human lives can be saved (e.g., those with serious injuries or without water). Remotely sensed imagery is an important asset for mapping disaster extent, damaged lifelines, buildings, or flood conditions. This period of time is typically ~72 hours after the event. The management of the disaster event then moves into the recovery phase where shelter, infrastructure, and lifelines are rebuilt. Numerous airborne and satellite-based remote sensing collections occur after US disaster events. Whether the imagery is collected by an airborne platform or satellite platform is not particularly relevant in disaster response. The critical issues are: can the imagery be collected quickly, processed quickly, and delivered to the managers/responders for information extraction? Each airborne collection is either flown for an agency/state's specific needs or, in some instances, flown in the hope a consumer will purchase the imagery (Hodgson et al. 2010) . The temporal requirements in post-disaster
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Disaster: A Cognitive Approach Sarah E. Battersby, Michael E. Hodgson, and Jiayu Wang image collections are understood by the disaster response community and have been documented in national and event specific surveys (Hodgson et al., 2005 and Langhelm and Davis, 2002; Thomas et al., 2003) . Emergency responders need such imagery within three days of the disaster event for general use in the response phase (Hodgson et al., 2005; Zhang and Kerle, 2008) . For some tasks, such as identification of infrastructure damage, it has been suggested that this imagery is needed within a 24 hour window (Hodgson et al., 2010) . While the temporal needs are fairly clear, spatial resolution requirements are not as well defined. While the finest spatial resolution imagery with full color spectral bands (e.g., natural color composite or colorinfrared composite) might seem the appropriate choice, a tradeoff exists between image spatial and spectral resolution and coverage area collection time. The finer the spatial resolution, the more detail in the imagery. However, finer resolution imagery also requires considerably more time to collect and process for use. For instance, an aerial platform with a fixed lens would need to fly at lower altitudes for greater spatial resolution, thus, covering a smaller geographic area in each frame (or swath). The result is a larger number of flightlines (more flight time) at closer separations would be required to cover the same geographic area. Following a major disaster, the time necessary to collect and process fine resolution imagery may also be compounded by the challenges presented by the event's impact (e.g., closed airports for airborne collections) that push delivery of imagery well beyond the one-to three-day window necessary for use in emergency response. For example, following Hurricane Katrina, approximately two weeks were required for obtaining complete color aerial image coverage of the Louisiana-Mississippi coastal areas (Hodgson et al., 2010; Adams et al., 2006) although a local aeroservice company flew the entire Mississippi coastline with black/white film at approximately 0.3 m (1.0 foot) spatial resolution during the day after Katrina's landfall. In this two week time span, no fewer than five airborne image collections took place with spatial resolutions between 0.15 m to 2 meters. Slightly coarser resolution (e.g., 0.5 m to 4.0 m) imagery may be collected more expediently (assuming the orbital path for the time period is acceptable) using commercial satellites. However, it is questionable whether the coarser resolution satellite imagery is sufficient to meet the immediate needs of an emergency response team (Bolus and Bruzewicz, 2002) .
Hazard practitioners have suggested that for disaster emergency response, imagery of a resolution between 0.25 to 2 meters should be sufficient for most interpretation tasks (Schweitzer and McLeod, 1997) i.e., a large resolution spread. Remote sensing researchers have suggested that for quantitative assessment of damage to housing, transportation routes, or utilities, the acceptable range of resolution is from 0.3 to 1 meter (Cowen and Jensen, 1998) . Bolus and Bruzewicz (2002) have suggested that for identification of roof damage, an optimal pixel size for true-color imagery is 0.2 m (0.67 feet) to 0.3 m (1.0 feet). These guidelines have been established based on an evaluation of remote sensing literature and a few authors' practical experience (Cowen and Jensen, 1998) , although not through empirical testing of the imagery interpretation process. Furthermore, the appropriate spatial resolution requirement is likely sensitive to the information extraction approach (i.e., visual analysis versus automated classification). Other than the type of disaster impact of interest, such as damage to buildings, infrastructure, or forests, the appropriate spatial resolution requirement is likely sensitive to the information extraction approach. For the immediate use in state or regional emergency joint field offices (JFOs) that manage the disaster, the visual analysis approach prevails. The use of human visual interpretation is more reliable for high spatial resolution imagery, can be easily explained, and the staff available in the JFO are more familiar with visual interpretation than the automated information extraction approaches. Controlled, empirical cognitive research to evaluate the limits of human interpretation of imagery within each of these suggested guidelines is almost nonexistent. The spatial resolution that is just "fine enough" to be adequate for the tasks, thereby minimizing collection time immediately following a major disaster, is not known.
Determination of this "fine enough" spatial resolution is best answered through a cognitive study evaluating individuals' success with interpreting imagery at different levels of resolution. It is not sufficient to simply suggest guidelines for required resolution of imagery without testing human subjects to identify if the imagery can really be used successfully. Numerous classical cognitive works (e.g., Lewicki et al., 1988) have demonstrated that verbal articulation of an answer may be substantially different than the answer resulting from cognitive processing, and that the cognitive process is context dependent (Wilson, 2002) . For example in the context of image interpretation a visual analyst may say "I need 0.25 m spatial resolution" when in fact the analyst could just do just as well if tasked to physically interpret an image with 1.0 m resolution. The relevant questions in this research are:
• Is there a threshold of image resolution beyond which finer resolution imagery accuracy ceases to improve image interpretation accuracy? • What is the coarsest resolution imagery that is sufficient for emergency management tasks that are performed post disaster? • Does the coarsest acceptable resolution vary depending on the skill and experience level of the interpreter (e.g., with respect to image interpretation or emergency management experience, practical experience, or academic training)?
Answers to these research questions might also depend on the radiometric resolution and spectral resolution (i.e., natural color, color-IR, panchromatic, or even single bands) of the imagery; however, we confine our study to panchromatic imagery for hurricane wind impacts. Panchromatic airborne imagery was the predominate imagery for hurricane disasters and is still the finest resolution satellite imagery available. Also, other types of disasters (e.g., earthquake, wildfire, flooding) might cause damages to structures (e.g., water damage, foundation-only damage) in a different form.
If the intent is to ensure that useful imagery is in the hands of emergency management teams as quickly as possible, we need to find the balance between the interpretation benefit of fine spatial resolution imagery and the speed/cost of collection for coarser spatial resolution imagery. Imagery that is just "fine enough" is ideal i.e., resulting in faster collection, smaller file sizes, and faster distribution through the Internet. In this paper we report results from a cognitive study examining the effect of spatial resolution on post-disaster image interpretation accuracy. In consultation with an experienced disaster response official, we defined target categorizations for residential building damage (i.e., no damage, partial damage, total damage). Through this research, we identified the threshold at which the use of finer resolution imagery no longer improves the interpretation process and conversely, identified the threshold for the coarsest acceptable resolution. This is the first cognitive research study to determine image analysis accuracy with varying spatial resolution for disaster images.
Cognitive Science in Remote Sensing Research
Cognitive science research is focused on improving our understanding of the workings of the human mind, including the study of perception, learning, thinking, and remembering. Work in this area is largely interdisciplinary, drawing methods from fields such as psychology, neuroscience, and computer science, with application to a wide variety of studies of human mental processes. While cognitive science research methods are not common in the remote sensing literature, they have been widely recognized as useful for improving our understanding of the image interpretation process in remote sensing (e.g., Estes et al., 1983; Hoffman and Conway, 1989; Hodgson, 1998; , and have been used extensively in related fields such as geography and cartography (Montello, 2002) and visual perception (Cavanagh, 2011) . Any image interpretation by humans will necessarily involve the processes of perception, reasoning, and categorization in order to identify, extract, characterize, and use the relevant information in the image. To evaluate the challenges in the human interpretation process requires careful study of the cognitive processes involved in interpretation.
For the task of identifying residential structural damage, our focus in this article, interpretation of the imagery depends largely on a top-down process where the interpreter relies on knowledge about the shape and form of structures, and the nature of storm damage; which, in many cases, may have been recently obtained through instructions at an emergency operations center. A guided search process, such as Wolfe's (1994) model of visual search, is implicitly assumed (Hodgson, 1998; to be used to extract the relevant information from the remotely sensed imagery (e.g., Estes et al. (1983) elements of image interpretation). Practically no research with remotely sensed imagery exists to substantiate (or refute) this assumption. Information retrieved from this search of the imagery is then characterized and categorized according to knowledge of damage categories to interpret the patterns seen in the imagery.
Success with this process of characterization and categorization for interpreting imagery relies on a number of factors related to the image and the knowledge, experience, and goals of the interpreter. With respect to remotely sensed images, cognitive methods have been used to identify the relationship between digital texture and visual perception of texture (Hsu and Burright, 1980; Hodgson and Lloyd, 1986) , minimum window size necessary for classifying Level II urban land use (Hodgson, 1998) , and to examine the nature of the visual search process , but not to quantify the specific impact of resolution on the human interpretation. In the following section, we incorporate cognitive science research methods in an examination of the image interpretation process to identify the effect of spatial resolution, as well as knowledge and experience of the interpreter, on the interpretation of structural damage.
Cognitive Design For Examining Impact of Spatial Resolution
In this study, participants were asked to identify the level of hurricane-related damage to individual residential structures using remotely sensed images. Structural damage was classified into one of three categories: no damage, partial damage, and total damage. Written and graphical descriptions of the three damage categories (Figure 1 ) were provided to familiarize the participants to the nature of the imagery and task. As has been common in disasters, only vertical imagery was used, so participants were instructed to categorize the target based on damage to the roof of the structure. In addition to estimating structural damage, participants also provided a confidence rating for their categorization of the structure marked in each image. As a subtle measure of participants' confidence, the response time of each categorization was also recorded. Response time has been demonstrated as a very subtle measure of task difficulty (Rosch, 1978; Greene and Oliva, 2009) . Easy tasks are typically accomplished quickly. As the task becomes more difficult the response time increases. Very difficult tasks typically take a long time. As task difficulty increases to a point where the individual considers it impossible, reaction time may then decrease sharply as the individual quickly guesses. Using a random sampling design, without replacement, each participant was shown an image at a random spatial resolution and damage level and asked to categorize the damage level and specify their confidence in their answer.
Methods Participants
Previous work has found that experienced remote sensing analysts are seldom found in state level emergency operation centers (Hodgson et al., 2010) . However, most states have at least one full-time geographic information system (GIS) staff member. During the response/recovery phase of a disaster a diverse mix of staff are typically drawn from Federal Emergency Management Agency's (FEMA's) Disaster Assistance Employee (DAE) program, the GIS Corps, or other local/state agencies. To simulate the levels of experience and background that might be found on a typical response team assembled following a large-scale disaster, we recruited participants from three different experience groups: Novice, Hazards Management (referred to as "Hazards Experts"), and Image Interpretation ("Image Experts"). Due to the specialized nature of the last two groups, we were limited in the number of participants that we were able to recruit. Each of the categories of participants is described in more detail below.
Novice
Novice participants were identified as members of the group that may be recruited as volunteers for general GIS and image analysis tasks following a major disaster. These participants were recruited from university-level introductory/advanced GIS courses and introductory remote sensing courses. A total of 47 participants from undergraduate and graduate courses took part in the study; 12 of these participants were excluded from analysis as they did not fully complete the study. Geography (eight participants) and Civil Engineering (23) were the most common majors. At the time of the survey, all participants had completed a minimum of ten weeks of GIScience coursework. In the survey, 11 participants (31.4 percent) indicated that they had taken some coursework (e.g., one or two courses) in air photo interpretation or remote sensing; over half of the participants (54.3 percent) indicated that they have some experience viewing aerial imagery taken over a disaster area. As a whole, the Novice group averaged 0.7 years of photo interpretation experience (range: 0 to 5 years; ϭ 1.2). As an incentive, participants received a small amount of course credit for their participation. 
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Hazards Experts
The members of the Hazards Expert group have the practical skills that would typically be required of senior personnel in emergency management situations. A total of 14 Hazards Expert participants took part in the study. Fifty-seven percent of the participants had experience with aerial imagery taken over a disaster area, and the group averaged 3.8 years of image interpretation experience (range: 0 to 14 years; ϭ 4.2). Individuals in this group were recruited personally by the authors and did not receive any compensation for participation.
Image Experts
Participants identified as Image Experts have high technical skill with interpretation of remotely sensed imagery, though they may not have the practical hazards management skill of the Hazards Expert group. A total of 15 Image Expert participants took part in the study. Eighty-seven percent of the participants reported experience with aerial imagery taken over a disaster area, and the group averaged more than twelve years of image interpretation experience (this is conservative since several of the participants selected the survey option of "more than 20 years" of experience). Individuals in this group were recruited personally by the authors and did not receive any compensation for participation.
Materials
This survey was conducted using a web-based approach.
The rationale for using a web survey, rather than conducting the survey in a laboratory setting, was to reach a larger audience of experienced image interpreters and hazards managers. In the survey, each participant was shown fortyfive unique remotely sensed images of residential structures in a disaster environment. In the center of each image a single structure was unobtrusively, but clearly marked as the target structure for the participants to categorize damage level and their confidence in the assessment of damage (Figure 2 ). The images used for this study each covered a ground area of 174 m ϫ 174 m. They were created by extracting subsets of a larger dataset of one-foot resolution panchromatic images collected of the Mississippi coast in the day following Hurricane Katrina's landfall in Southern Mississippi. The radiometric resolution for this imagery was 8-bit based on the dynamic range of the digital data as a continuous range of brightness values. This window size was selected as (a) it is larger than the minimum window size for accurately classifying fundamental Level II urban land cover classes from panchromatic imagery (Hodgson 1998) , and (b) it was the largest window possible to guarantee that participants would not have to do any vertical or horizontal scrolling to examine the image (based on a conservative estimate of participant's monitor resolution). The images were selected to contain single-or duplex-family residential structures of similar sizes and to cover the range of damage typically seen in hurricanerelated imagery. This strategy minimizes potential bias from any specific level of damage being easier to interpret than others, or from the damage levels being easier or more challenging to interpret with certain types or sizes of structure.
Images shown to participants were divided equally among three levels of damage (i.e., 15 images in each of no damage, partial damage, and total damage) categories. Quantification of damage is often based on the cost of rebuilding a structure to its pre-damage condition (FEMA 2003) . However, with only vertical imagery and no information about repair cost to use for assessment, we could not use this method to classify damage in our images. Such an approach would require specific housing value information for each structure with ground investigation of sustained damage. For the emergency response phase of the disaster cycle, this type of specific information based on ground data is generally not available. In the response phase, a good estimate of damage for geographic areas is generally sufficient. For our analysis, we focused on the ratio of damaged to undamaged roof area for each structure. The condition of the roof structure is a good indicator of overall damage to a structure as confirmed by Womble et al. (2008) . Discussions with a joint field office (JFO) image analyst in Mississippi after Hurricane Katrina also confirm this. To quantify damage for participants, we set parameters for damage as: In each image participants were asked to identify the damage level (i.e., no damage, partial damage, total damage) of the structure marked in the center of the image.
The categories are consistent with FEMA's damage classification guidelines and roughly coincide with classifications of Limited Damage, Moderate Damage, and Extensive or Catastrophic Damage in the new GeoConops guidance manual (Department of Homeland Security, 2010). To divide our images into categories based on damage level, a senior expert remote sensing scientist with a joint appointment at the Department of Homeland Security and NASA and with more than 23 years of imagery interpretation experience in hurricane disaster applications (e.g., Hurricanes Andrew, Katrina, and Ike) was recruited to examine the images and provide definitive categorization against which the participants' categorizations were compared. This particular scientist also lived in the Hurricane Katrina disaster impact area for which the imagery was collected and is thus, intimately familiar with the impact signature for this geography (i.e., his neighborhood).
Spatial Resolution
Since we were primarily interested in the impact of spatial resolution on an individual's ability to accurately classify damage in remotely sensed images, we re-sampled each of the study images (from an original 0.3 m) into seven different levels of resolution: 0.35 m, 0.5 m, 0.75 m, 1.0 m, 1.5 m, 2.0 m, and 4.0 m. These seven levels were selected based on suggestions for minimum spatial resolution requirements for identifying housing damage (Cowen and Jensen, 1998) , for use in emergency management following disasters (Schweitzer and McLeod, 1997) and the native resolution of common types of satellite imagery that may be collected post disaster. The re-sampling was modeled in such a way that the resulting image approximated imagery collected at each level of resolution. To conduct the resampling, a model of the modulation transfer function (MTF) that approximated imagery that would have been collected at different spatial resolutions (e.g., flying heights or orbital altitudes) with the same sensor was used. Our resampling model uses a 2D Gaussian form (Harlick and Shapiro, 1992) with ϭ .495 to compute a reflectance value for a coarser resolution at each pixel G(x,y):
We did not attempt to model the additional atmospheric attenuation and somewhat less contrast from higher flying altitudes. Thus, this model approximates, albeit somewhat imperfectly, the ground projected instantaneous field of view from the same imaging sensor (e.g., a pixel in an aerial image) at higher altitudes.
Survey Procedure
Recognizing that interpretation ability is related to knowledge, other abilities, and education of the interpreter, we started the survey by collecting background information about each participant. This included questions about the participant's academic major, age, years of imagery interpretation experience, experience with post-disaster aerial imagery, related coursework, and practical experience with GIS, air photo interpretation, remote sensing, hazards, and/or emergency management. Following the collection of background information, participants were provided written and graphical instructions explaining the study task and damage levels. A short training session to practice categorizing similar imagery into the three damage categories was given. Feedback on the participant's categorization accuracy for each training image was provided throughout the training. The questions used in the training module were formatted in the same way as the questions in the study to help familiarize participants with the task and the interface.
Following the training, participants were again presented with the instructions. In the instructions, participants were informed that both speed and accuracy were important and that they should work as quickly as possible without sacrificing accuracy. Participants were presented with fortyfive unique images and asked to assess the damage level for the single residential structure (i.e., the "target house") outlined in each image.
Images were presented one at a time, and all participants saw the same target houses and surrounding geography in each of the forty-five unique images. For each image, participants indicated damage level by clicking on the button for the appropriate damage level (Figure 3) . The response time between the initial view of the target house and the participant's selection of a damage level was recorded. Following the damage categorization, participants were asked to rate their confidence in their assessment of damage for this house. Confidence was rated on a five point Likert scale ranging from 1 ("not confident") to 5 ("completely confident").
The order of images and the resolution at which each image was presented was randomized. While each participant saw all forty-five target houses, no two participants saw exactly the same combination of houses at the same resolution. For example, participant '1' may see house "A" at the 0.35 m resolution while participant '2' may see house "A" at the 1.0 m resolution. Also, no participant saw the same house at different spatial resolutions to avoid learning bias. To ensure that we had a sufficient sample of images at each resolution to conduct analyses, we constrained the selection of resolution for each image to ensure that each participant would see the same number of images at each resolution level; thus, the selection of imagery was pseudo-random. Additionally, since we anticipated, based on previous research and JFO analysts, the threshold of image interpretation accuracy to be in one of the middle resolution levels, participants saw more images at the middle-levels of resolution than at the extreme fine or coarse resolutions (Table 1) . 
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Results
Accuracy of Interpretation
We first assessed performance for each image individually to identify if there were any specific images, or types of image, which were particularly confusing or difficult to interpret. We anticipated the damage level for images with spatial resolutions finer than 1.0 m would be somewhat easy to identify. To determine if there were any images that presented a particular challenge to interpretation in the dataset, we examined mean performance across groups for all images. Assuming that the coarsest resolution images would more likely be confusing or difficult to interpret and thus prone to participants guessing in their interpretation, we first evaluated image performance using only the four finest resolutions (0.35 m through 1.0 m). This process allowed us to better identify problematic images, i.e., the ones that were too challenging to interpret correctly even with fine resolution imagery.
The mean accuracy for all images and damage levels, in the 1.0 m or finer range was 90.8 percent ( ϭ 0.29). The mean accuracy for any single image ranged from 48.6 percent to 100 percent across the three experience groups. Based on accuracy levels for individual images, we decided to eliminate the one image with particularly low classification accuracy (48.6 percent) from further analyses. This image appears to be close to the 25 percent damage threshold that differentiates the No Damage and Partial Damage categories, which seems to have caused interpretation difficulty. No other image was problematic.
The mean overall accuracy for each experience group (Novice, Hazards Experts, and Image Experts) across the remaining 44 images and resolution levels in the survey ranged from 82 percent to 86 percent (Table 2) . We expected to find a gradual and then rapid drop-off in classification accuracy as spatial resolution becomes coarser, and we did find this functional relationship (Figure 4) . Classification accuracy gradually decreased as resolution became coarser than 1.0 m and then decreased more noticeably after 1.5 m. Of all the resolutions tested, the mean accuracy for all three experience groups was particularly poor for the 4.0 m spatial resolution, ranging from 38 percent to 56 percent. Not surprisingly, mean classification accuracy for the Novice participants was lower than the two more experienced groups for almost all resolution levels.
To examine for statistical differences in these factors, a three-factor mixed ANOVA with repeated measures was computed. Damage (3 levels) and Resolution (7 levels) served as the within-subjects variables and Experience Group (3 levels) as the between-subjects variable. Significant main effects were found for Experience Group, F(2, 61) ϭ 3.66, p Ͻ 0.05, Resolution, F(6, 366) ϭ 58.39, p Ͻ 0.0001, and Damage, F(2, 122) ϭ 13.53, p Ͻ 0.0001. A post-hoc pairwise comparison using a correction for alpha inflation revealed significant differences between the Novice group and both the Hazards Expert and Image Expert groups, t(2794) ϭ Ϫ2.98, p Ͻ 0.01 and t(2794) ϭ Ϫ2.26, p Ͻ 0.05, respectively; the Novice group was significantly less accurate than the two specialized groups (Table 2 ). There was no significant difference in accuracy between the Hazards Expert and Image Expert groups.
The main effects of Damage Level and Resolution were examined further because of a significant interaction between the two, F(12,721) ϭ 6.25, p Ͻ 0.0001 ( Figure 5 ). This interaction implies that the degradation of resolution was not an independent explanatory factor for the changes in accuracy. that the higher level of accuracy afforded to the Partial Damage images at this resolution may be caused if participants simply guessed the Partial Damage category when they were unsure in their assessment of damage: which would naturally result in the appearance of greater accuracy for Partial Damage images at the coarsest resolution (Table 3 ). In fact, in an "after experiment" conversation with several of the participants, they informed us of their "guessing" for these problematic images.
To further examine the overall effect of spatial resolution, without the confounding factor of the interaction with Damage level, a pair-wise comparison of Resolution levels with correction for alpha inflation was conducted. For the Resolution effect, we found a statistically significant breaking point in classification accuracy between the 1.0 m and 1.5 m resolution images. That is to say the participants' accuracy level started to decrease significantly once the images reached a resolution of 1.5 m; differences in accuracy between images at resolution levels of 1.0 m or finer were not significant. While the decrease in interpretation success first becomes statistically significant between 1.0 m and 1.5 m, we find that participants still do quite well with the 1.5 m resolution, with a mean accuracy across groups of 83.4 percent (Figure 4 ). Noting this, and that the difference in interpretation accuracy between resolutions 1.5 m and 2.0 m is both substantial (a decrease of 14.2 percent) and statistically significant (t(366) ϭ 9.78, p Ͻ 0.0001), we believe that 1.5 m is a threshold indicating the coarsest acceptable resolution for categorizing structural damage in remotely sensed imagery.
Confidence in Interpretation
In addition to measuring categorization accuracy, we also asked participants to rate their confidence in their interpretation of each image (Table 4) . For completing image interpretation tasks, it is important not only to be accurate, but to have confidence in the assessment. Mean confidence for the three experience groups on a 1 ("not confident") to 5 ("completely confident") scale ranged from 3.58 to 3.75. As expected, confidence ratings dropped markedly with coarser resolution imagery (Figure 6 ). Confidence ratings were also lower for Partial Damage images, as would be expected based on the accuracy results (Table 5) .
To examine for statistical differences in confidence ratings, we computed a three-factor mixed ANOVA with repeated measures. Damage Level (3 levels) and Resolution (7 levels) served as the within-subjects variables and Experience Group (3 levels) as the between-subjects variable. The participants' confidence ratings served as the dependent variable. Significant main effects were found for Damage Level, F(2, 2742) ϭ 60.05, p Ͻ 0.0001, and Resolution, F(6,2742) ϭ Ϫ187.76, p Ͻ 0.0001. Again, these effects must be considered in light of a significant interaction between Damage Level and Resolution, F(12, 2742) ϭ 2.29, p Ͻ 0.01. There was no significant effect of Experience Group; all participants were equally confident regardless of group. The significant interaction between Damage Level and Resolution indicates that the confidence ratings of participants did not change in the same way for each Damage Level as the resolution of images became coarser. Further analysis shows that the confidence ratings were significantly lower for Partial Damage images than for No Damage, t(2742) ϭ 8.30, p Ͻ 0.0001, or for Total Damage, t(2742) ϭ Ϫ10.43, p Ͻ 0.0001. There was no significant difference between the confidence ratings for Total Damage and No Damage images.
Reaction Time
We also examined the impact of Damage Level and Resolution on participants' reaction times. Reaction times can serve as a proxy measure of the cognitive difficulty of a task. Longer reaction times suggest the task was more difficult; and conversely, shorter reaction times suggest easier tasks.
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J u n e 2 0 1 2 631 For the image classification problem we expected long reaction times for coarser levels of imagery because the interpretation task is more challenging. Thus, reaction times would follow a pattern opposite that seen with accuracy and confidence levels. This was, in fact, the case ( Figure 7) ; while accuracy and confidence tended to decrease as resolution became coarser, reaction time tended to increase (Figure 8 ). With the Partial Damage images, the reaction time is moderately high for all resolutions, with a general trend of increasing reaction time as resolution becomes coarser. For the No Damage or Total Damage images, reaction times were rather low in the finer resolutions with notable increases with images at a resolution coarser than 1.0 m. To examine the statistical significance of these differences, we used a three-factor mixed ANOVA with repeated measures, using Damage Level (3 levels) and Resolution (7 levels) as the within-subjects variables and Experience Group (3 levels) as the between-subjects variable. The participants' reaction time for identifying damage level served as the dependent variable. In this analysis we found significant main effects of Resolution, F(6, 2745) ϭ 16.30, p Ͻ 0.0001, Damage Level, F(2, 2745) ϭ 15.24, p Ͻ 0.0001, and Experience Group, F(2, 2745) ϭ 82.62, p Ͻ 0.0001. We also found significant interactions between Resolution and Damage Level, F(12, 2745) ϭ 2.47, p Ͻ 0.01, and Resolution and Experience Group, F(12,2745) ϭ 2.73, p Ͻ 0.01. These results confirm that the increase in reaction time is, in fact, directly tied to the coarseness of the resolution, and that both damage level and participant experience level are also of importance. Partial Damage imagery consistently showed longer reaction times for interpretation. Additionally, the Image Expert group tended to have longer reaction times than the other two participant groups. This may be due to the trained image interpreters using a more systematic evaluation process for each image, or due to the fact that the Image Expert group tended to be older and, perhaps, slower.
The Role of Knowledge and Experience Success in the interpretation process relies on a number of factors related to both the imagery and to the knowledge, experience, and goals of the interpreter. The goals of the participants in this study were the same, as the task was defined in the same way for all participants. However, we
have not yet discussed how the individual knowledge and experience of the participants impacted their performance other than the basic group differences reported above (typically that the Hazards Expert and Image Expert groups performed better than the Novice group). To examine further whether, and how, individual knowledge and experience impacted the categorization task we examined answers to the background questions (i.e., major, age, coursework, experience) from all participants.
Of the participants that answered the background question on relevant coursework, 39.2 percent indicated that they had taken at least one course in interpretation of aerial imagery. The participants that had training in image interpretation had a mean accuracy of 85.8 percent, while those that did not had a mean accuracy of 83.0 percent. To examine the role of training in this image interpretation task, we used a simple mixed ANOVA with Resolution as a between-subjects variable and training in image interpretation (Coursework) as a within-subjects variable. In this analysis we found a significant main effect of Coursework, F(1, 2801) ϭ 4.5, p Ͻ 0.05, and an expected main effect of Resolution, F(6, 2801) ϭ 65.01, p Ͻ 0.0001. There was no interaction between Coursework and Resolution, indicating that while formal training in image interpretation provided a slight benefit in overall accuracy (across all resolution levels), it did not provide specific benefit for interpretation of the more challenging coarse resolution imagery. In other words, at coarse resolutions, classification accuracy was equally difficult regardless of experience.
In terms of situational familiarity, 66.3 percent of participants indicated that they had previously viewed aerial imagery taken over a disaster area. On average, participants with this experience were more accurate (84.6 percent) than those who indicated no experience looking at post-disaster aerial imagery (81.3 percent). A simple mixed ANOVA was used with Resolution as the between-subjects variable and viewing of aerial imagery taken over a disaster (Disaster Imagery) as the withinsubjects variable. In this analysis we found significant main effects of Disaster Imagery, F(1, 2757) ϭ 6.37, p Ͻ 0.05, and Resolution, F(6, 2757) ϭ 57.38, p Ͻ 0.0001. Again, there was no significant interaction, indicating that while some familiarity with aerial imagery collected over a disaster area is beneficial, it does not specifically help with interpretation of coarser resolution imagery.
We expected that performance should increase with years of experience and would probably reach a point at which additional training no longer provided significant improvement in interpretation skill. To test for the relationship of experience and interpretation ability, we used a simple mixed ANOVA using Resolution as the betweensubjects variable and years of experience (Experience) as the within-subjects variable. For this analysis, participants were grouped into three categories: 0 to 4 years of experience, 5 to 9 years, and 10ϩ years. We found significant main effects of Experience, F(2, 2838) ϭ 7.62, p Ͻ .001, and of Resolution, F(6, 2838) ϭ 42.84, p Ͻ 0.0001. There was no interaction between these effects. Post-hoc analyses show significant differences between 0 to 4 years and 5 to 9 years, t(2838) ϭ Ϫ3.36, p Ͻ 0.001, and between 0 to 4 years and 10ϩ years, t(2838) ϭ Ϫ2.56, p Ͻ 0.05, however there was no significant difference between participants with 5 to 9 years and 10ϩ years of experience, t(2838) ϭ Ϫ0.99, p Ͼ 0.1. Thus, a few years of image interpretation experience is, not surprisingly, beneficial for this interpretation task; however, many years of experience are not necessary. We might suggest, however, that for other more difficult interpretation tasks experience may play a greater role.
Summary
This research examined the effects of image spatial resolution on the accuracy of categorizing residential building damage on panchromatic imagery by human interpreters: a typical key application of remotely sensed imagery in a disaster context. Our goals centered around three questions:
• Is there a threshold of image resolution beyond which finer resolution imagery accuracy ceases to improve image interpretation? • What is the coarsest resolution imagery that is sufficient for emergency management tasks that are performed post disaster? • Does the coarsest acceptable resolution vary depending on the skill and experience level of the interpreter (e.g., with respect to image interpretation or emergency management experience, practical experience, or academic training)?
In identifying the threshold beyond which finer resolution imagery ceases to improve interpretation ability, the results from our study show that this threshold for panchromatic imagery is in the 1.0 m to 1.5 m spatial resolution range. While there were apparent marginal improvements (~3 percent) in interpretation accuracy for resolutions finer than 1.0 m, there was no statistical significance between these differences.
In terms of identifying the coarsest resolution imagery that is sufficient for this type of task, the findings indicate there is a substantial loss of information to guide the interpretation process in the 1.0 m to 1.5 m spatial resolution range, with image resolutions of greater than 2.0 m clearly unacceptable for fundamental damage assessment. This threshold at 1.5 m is a resolution coarser than the range recommended by Cowen and Jensen (1998) or by Bolus and Bruzewicz (2002) . It is within the range suggested by Schweitzer and McLeod (1997) , though it indicates disagreement with their suggestion that resolutions as coarse as 2.0 m are also acceptable. We note, however, that our study focused on residential building damage with panchromatic imagery while the previous statements were about broad generalizations of remotely sensed imagery for disasters.
With respect to the skill and experience level of the interpreter, we have found, not surprisingly, that experts in hazards management and experts in image interpretation are more accurate at categorizing damage than individuals with minimal training. However, we also find that while their performance is better than novice image interpreters, several different measures of skill and experience level that we collected proved to be irrelevant in establishing a threshold for the coarsest resolution imagery sufficient for structural damage identification; the threshold remained the same, 1.5 m, for all participant groups.
Conclusion and Discussion
Remotely sensed imagery plays a critical part in the response phase immediately following a major disaster. To be of use, the imagery must be obtained as quickly as possible (within one to three days, at most), and must be of sufficient resolution to be interpretable by the emergency management team. Until now, the definition of "sufficient resolution" has been fairly vague typically ranging from 0.25 m to 2.0 m (Jensen and Cowen, 1999; Schweitzer and McLeod , 1997) or coarser in some instances and without tying the resolution requirements to a specific damage type (Jensen, 2000) . This study has empirically identified, using a cognitive science approach, a specific threshold of 1.5 m resolution at which coarser imagery ceases to be useful for identifying structural damage (i.e., as observed for rooftops) after a disaster. This threshold was consistent across individuals at all levels of experience. Identification of this threshold provides an empirically-derived guide for human image interpretation that can be used to prioritize potential sources of imagery for disaster response.
Coarser resolution imagery (Յ1.5 m) than was previously thought acceptable has now been shown to be sufficient for post-disaster interpretation tasks. What does this spatial resolution requirement imply for the use of satelliteborne imaging sensors for post-disaster imagery collection? Currently, there are seven commercial US satellites (Geoeye-1, Ikonos, Orbview-3, QuickBird-1, QuickBird-2, Worldview-1, and Worldview-2) carrying sensors with spatial resolutions of 1.5 m or better. There are an additional three non-US satellites (Cartosat-2A, Cartosat-2AT, Kompsat-2) with 1.5 m or better imaging sensors. If the US Federal or state agencies leading the response to a disaster can draw on imagery from at least three of these satellitesensor combinations, then the likelihood of obtaining imagery within three days is up to 100 percent (Hodgson et al., 2010) . This capability should be sufficient for meeting the temporal and resolution requirements for imagery needed by emergency response teams, i.e., at least for structural damage.
The effect of spatial resolution on the performance of automated information extraction methods was not examined. Because of the expertise required and the rather weak performance of automated approaches for extracting specific details (e.g., damaged residential structure versus no damage) from high spatial resolution imagery, visual interpretation of imagery after a disaster is commonly used in emergency response offices (e.g., a joint field office). Abundant geospatial staff are largely lacking in state-level emergency operations centers (Parrish et al., 2007) . Our colleagues in academic remote sensing would likely argue they (or their students) could do a good job with automated approaches using ancillary data and pre-and post-event imagery to mapping damage information (as one reviewer did). However, these scientists are (a) not part of the response plan, (b) would not likely be available in the first 24 hours after a disaster event, and (c) such pre-event imagery and ancillary information, if they exist, are seldom readily available (Hodgson et al., 2010) . Based on our experience, we suggest, however, that any automated approach would be no more accurate (and likely less accurate) than the human interpreter using panchromatic imagery. This research also did not examine the use of multi-band imagery, such as color, color infrared, or others band combinations. However, even with color imagery, based on our experience, it is not expected that coarser spatial resolutions from commercial satellite sensor (e.g., 4.0 m ϫ 4.0 m) would result in a dramatic improvement in classification accuracy greater than the 44 percent (across all experience groups) seen at the 4.0 m spatial resolution from panchromatic imagery. Clearly, and ironically, the imaging sensors in the Disaster Monitoring Constellation (DMC) with 32 m ϫ 32 m spatial resolutions (or the 4 m panchromatic on Beijing-1) are not appropriate for mapping structural damage categories.
While categorization of residential structures is very important for allocating emergency response resources (e.g., food, water, shelter) other essential elements of information (e.g., road damage, bridge damage, utility, electrical, water, and sewer damage) may be derived from imagery. FEMA and the Interagency Remote Sensing Coordinating Committee (IRSCC) have continually attempted to define essential elements of information (EEI) and match these EEIs with the spatial and spectral resolution requirements for disaster response. When information extraction uses human image interpreters, we have suggested an experimental design based on cognitive principles as an appropriate and quantitative approach for defining the spatial resolution requirements. If desired, other factors, such as spectral features, radiometric resolution, or ancillary information could be introduced when creating stimuli (i.e., test images) in the experimental design. Imagery collected in disaster response may be justified based on one agency's need; however, the same image may be used for other mapping purposes. What is the threshold for accurately mapping damage levels for these other EEIs? Future cognitive research could be designed to probe this question for other features.
The role of ancillary information, such as building footprints, parcel boundaries, or even pre-event imagery, is considered very important in the interpretation of post-event imagery. However, such ancillary information may not be commonly accessible in the few days following a disaster event due to licensing restrictions even if the data exist. Building footprints and parcel boundaries are often subject to licensing restrictions and memorandums of agreement (or licensing) would be required before they are available in a state or FEMA directed GIS unit within an emergency operations center. Some states and/or counties are working to establish such agreement prior to disaster events. Future studies could examine the relative value of such ancillary information in the interpretation of imagery, varied by spatial resolution.
In a final note, we believe the key role in rapidly assessing disaster-related damage information for anthropogenic features (e.g., residential, commercial, industrial, etc.) is with the human image interpreter. As such, it is important to evaluate the role of imagery characteristics, ancillary information, and anecdotal information from the human interpreter's perspective. Cognitive studies that probe remote sensing related image interpretation questions are essential in defining empirical-driven requirements for Federal and State emergency response plans.
